INTRODUCTION
Neural stem cells (NSCs) are primordial, uncommitted cells with the ability to proliferate and exhibit self-renewal, to differentiate into cells of all neural lineages in multiple regional and developmental contexts [1, 2] . These cells have been found in many regions of the CNS and shown to be able to generate three major cell types found in the adult brain [3] . Recently, we have produced a genetically immortalized cell line of human NSCs, which meet the criteria of neural stem cells described above [2] .
Ion channels expressed in neural membranes have been noted to play a major role in the electrical signal transmission in the nervous system. In particular, expression of K þ channels in neural membranes has been related to maintenance of a variety of cellular activities, including setting the resting membrane potentials, repolarizing/hyperpolarizing cells, and buffering extracellular K þ [4, 5] . As such, expression of a certain ion channel would provide a functional marker for the neural precursor cells. Fully differentiated neurons should have at least two types of voltage-gated ion channels, namely, the tetrodotoxin (TTX)-sensitive Na þ channel and the delayed rectifier type K þ channel, both of which are needed to generate a regenerative spike [5] . On the other hand, glial cells are known to have a diversity of Na þ channels and K þ channels depending on cell types [6] . For example, astrocyte has been shown to express the TTX-sensitive Na þ channels, the delayed rectifier K þ channels, and the transient A-type K þ channels [7] . At present, however, there is no report describing the electrophysiological properties of ion channels in human NSCs.
In the present study, we have characterized ionic currents recorded from human NSCs using whole cell patch-clamp technique. Our results suggest that human NSC cell line HB1.F3 cells express both tetraethylammonium (TEA)-sensitive delayed rectifying K þ channel and inwardly rectifying K þ channel with no evident expression of a Na þ channel. However, expression of the TTX-sensitive Na þ currents was induced in human NSCs after transfection with the neurogenic NeuroD gene.
MATERIALS AND METHODS
Neural stem cell culture: Primary dissociated cell cultures of embryonic human telencephalon tissues of 14 weeks gestation were prepared as described previously [2] , and grown in T25 flasks or 6-well plates in Dulbecco's modified Eagle medium (DMEM) with high glucose supplemented with 5% horse serum, 20 mg/ml gentamicin (GIBCO-BRL, USA), and 2.5 mg/ml amphotericin B (Gibco-BRL, USA) [8] .
Embryonic human brain cell cultures, after 7-14 days in vitro, were infected with an amphotropic, replicationincompetent retroviral vector-containing v-myc as described previously [2] . We have isolated several clones of human NSCs, and one of them, HB1.F3, was expanded for the present study. HB1.F3 cells express nestin and vimentin, both cell type specific markers for NSCs [2, 3] . The cells were grown on 12 mm round Aclar plastic coverslips previously coated with 10 mg/ml polylysine and housed in 35 mm dishes. These cultures were grown in a serum-free medium (DM4) consisting of high-glucose DMEM containing insulin (10 mg/ml), transferrin (10 mg/ml), sodium selenite (30 nM), hydrocortisone (50 nM), and triiodothyronine (0.3 nM) [8, 9] . For immunocytochemistry, the cells were grown on coverslips with serum-free medium for 3-7 days and processed for immunocytochemistry. Cultures were fixed in cold methanol for 15 min at À201C, air-dried and then incubated in rabbit polyclonal antibody specific for nestin (provided by Dr K. Ikeda), followed by biotinylated secondary antibody, avidin-biotin complex (ABC, Sigma), and visualized with AEC (Sigma) chromagen development.
Transfection of NeuroD into HB1.F3 cells: To construct an inducible retroviral expression vector for NeuroD, pRetroOn/HA-NeuroD, the 2.0 kb NotI fragement was isolated from pGEM-HA-NeuroD [10] and ligated into the NotI site of pRetro-On vector (Clontech, USA). To obtain the retroviral vector encoding NeuroD, PA317 packaging cells were transfected with pRetro-On/HA-NeuroD by calcium phosphate precipitation method. The viral supernatant was collected 48 h after transfection, filtered through a 0.45 mm filter, and stored at À801 for further use. HB1.F3 cells were incubated with the pRetro-On/HA-NeuroD viral supernatant with 1:1 dilution in the growth medium in the presence of polybrene (8 mg/ml, Sigma) for 6 h. After 2 day incubation in growth medium, cells were split into 1:10 in the selection medium containing puromycin (2 mg/ml, Sigma) for 14 days. The survived cells were pooled, and expression of NeuroD was induced by treatment with doxycycline (2 mg/ml, Sigma) for 1 day.
Electrophysiology: NSCs grown on coverslips for 3-5 days were placed in a recording chamber on the stage of an inverted microscope (Diaphot 200, Nikon, Japan), and membrane currents were recorded using the whole-cell patch clamp technique [11] . Patch micropipettes having resistance of 1.2-2.5 MO were pulled by a puller (P87, Sutter Instruments, USA) from borosilicate glass capillaries (TW 150F-4, WPI, USA) and fire-polished using a microgorge (MF-79, Narishige, Japan). The pipette solution contained (in mM) 140 KCl, 5 NaCl, 1 CaCl 2 , 10 HEPES-Na, 5 EGTA (total 296 mOsM) for the Na þ current or the outward K þ current measurement; 110 CsCl, 20 TEA-Cl, 0.24 CaCl 2 , 10 glucose, 10 HEPES-Na, 5 EGTA (total 273 mOsM) for the inward K þ current measurement. The pH was adjusted to 7.3 with KOH or CsOH and filtered before use. The bathing solution contained (in mM) 140 NaCl, 5 KCl, 1 CaCl 2 , 1 MgCl 2 , 20 glucose, 10 HEPES-Na (total 311 mOsM) for the Na þ current or the outward K þ current measurement; 140 NaCl, 5 KCl, 1 CaCl 2 , 1 MgCl 2 , 10 glucose, 10 HEPES-Na (total 285 mOsM) for the inward K þ current measurement.
The solutions were adjusted to pH 7.3 with NaOH. The membrane currents were recorded at 22-241C using Axopatch-1D amplifier (Axon Instruments, USA) and digitized by a 12-bit analog-to-digital interface (Digidata 1200, Axon Instruments, USA). For Na þ current measurement, the currents were filtered at 5 kHz and sampled at 50 kHz using pClamp6.0 (Axon Instruments, USA). For the delayed rectifying or inwardly rectifying K þ current measurement, the currents were filtered at 1 or 2 kHz and sampled at 10 kHz. Capacitative and leakage currents were subtracted by using a PþP/4 procedure. The bathing solution or the drug-containing solution was applied to the recording chamber via a gravity-fed perfusion system.
RESULTS

Characterization of HB1.F3 human neural stem cells:
In the DM4 serum-free medium, HB1.F3 NSCs were bipolar, tripolar or multipolar in morphology and 8-10 mm in size (Fig. 1a) . The cells showed a normal human karyotype of 44, XX and expressed specific immunoreactivity for pan-myc oncogene protein, indicating that HB1.F3 cells are uniquely human origin and contain a copy or copies of v-mycencoding retrovirus (data not shown). In addition, HB1.F3 cells were positive for nestin, a cell type-specific marker for neural stem cells (Fig. 1b) .
Inward Na
þ currents: A voltage-clamp protocol was used to test for the presence of Na þ currents in HB1.F3 NSCs. This protocol consisted of depolarizing steps from À60 mV to þ60 mV with a 10 mV increment for 20 ms from À80 mV holding potential. With 140 mM NaCl in the external bathing solution, no inward Na þ current was detected in any of the cells studied (n ¼ 50). Instead, depolarization to potentials more positive than À60 mV elicited outward current components (4 90% of NSCs, n ¼ 50) that were characterized by a slow activation with depolarization, a sensitivity to both external and internal tetraethylammonium (TEA; 5 mM in the external solution or 20 mM in the pipette solution), and a sensitivity to internal Cs þ (110 mM, replacing K þ ), identifying this current component as an outward K þ current (Fig. 2a-d) . To confirm the validity of the voltage protocol and other methods used, a mouse dorsal root ganglion cell line was recorded with the same voltage protocol, and the Na þ current was easily resolved within 2 ms from the composite outward K þ currents (data not shown).
NeuroD-induced Na
þ currents: After transfection with a vector containing the full-length NeuroD coding region into HB1.F3 cells, a stable cell line, named HB1.F3.NeuroD, was selected and expanded further. Application of depolarizing pulses elicited a family of inward currents with characteristics of Na þ currents in HB1.F3.NeuroD NSCs. The size of the inward current was 150 7 22 pA at 0 mV potential, corresponding to the current density of 0.042 7 0.011 nA/pF (n ¼ 10; Fig. 3a ). The inward current was completely blocked by 300 nM TTX reversibly (Fig. 3b,c) . The size of the Na þ current remained constant even up to 2 weeks in culture after seeding.
Outward K
þ currents: On the basis of the evidence shown in Fig. 2 , we further isolated and characterized the outward K þ current to determine the type of the outward K þ currents. The voltage protocol used the application of longer depolarizing steps (duration 400 ms) from À60 mV to þ80 mV in order to elicit outward K þ currents. In 4 90% of NSCs grown in serum-free medium (n ¼ 50), expression of the outward K þ current was recorded. A typical current trace is presented in Fig. 4a , and the current profile indicated a delayed rectifier type K þ current with a slight inactivation. The peak and the steady state amplitude of the current were 16.25 7 1.4 and 11.0 7 0.8 nA (n ¼ 10), respectively, at þ80 mV. The presence of the external TEA reversibly blocked the outward K þ currents (Fig. 4b,c ). External TEA (5 mM) blocked the steady state current by as much as 45 7 7% (n ¼ 20) of the control, and the blocking effect of TEA was reversed after a wash-out. The amplitude of the steady sate current was plotted as a function of the membrane voltage (I-V plot) for the data in Fig. 4a -c (shown in Fig. 4d ). Voltage steps positive to À60 mV were able to elicit the outward K þ current, and once activated, the I-V relationship was close to linear over the voltage range studied. The apparent lack of the transient A type K þ currents from the current traces in Fig. 4 was further confirmed by biophysically isolating the transient K þ current. The two outwardly rectifying voltage-activated K þ currents were separated by a standard procedure [12] . Specifically, outward currents were elicited by a voltage protocol (Fig. 4f ) that stepped the membrane potential from a holding potential of À80 mV to À110 mV for 40 ms to deactivate the transient K þ current, and then voltage ranging from À60 to þ80 mV for 400 ms. Currents were then again elicited by the same voltage steps but from a prepulse potentials of À50 mV (Fig. 4e) . Subtraction of the current obtained from the pre-pulse of À50 mV from that obtained with the pre-pulse to À110 mV permitted isolation of the transient K þ current. As shown in Fig. 4g , such subtraction yielded no transient K þ current. In addition, the fact that neither current shown in Fig. 4e ,f was sensitive to 2 mM 4-aminopyridine (4-AP; data not shown) further support this conclusion.
Inward K
þ currents: All HB1.F3 human NSCs studied (n ¼ 50) expressed inward K þ currents that were elicited by hyperpolarization steps to À120 mV from a holding potential of 0 mV (the voltage protocol is shown at the bottom left in Fig. 5e . The kinetics and voltage dependence of these hyperpolarization-activated currents resemble those of an inwardly rectifying K þ currents reported elsewhere [13] .
DISCUSSION
The results from the present study have demonstrated that the cultured HB1.F3 human NSCs express two types of voltage-activated K þ currents. The voltage dependence and TEA-or Cs þ -sensitivity of the outward K þ current shown in the present study were similar to the characteristics of the delayed rectifier type of K þ current found in many excitable tissues [12] . Although this K þ current is primarily responsible for the repolarization of the action potential in excitable cells, a similar current has also been described in non-excitable cells, including astrocytes [13] , microglia [14] Fig. 4. The outward K þ current in HB1.F3 human NSCs is a delayed recti¢er type K þ current.To determine the type of K þ current shown in Fig.  2 , the outward K þ current was elicited with depolarization steps from À60 mV to þ80 mV (same voltage protocol as for Fig. 2 ) in the absence (a,c) and presence (b) of 5 mM external TEA but with a longer duration up to 400 ms. The outward K þ current was maintained steadily up to 400 ms with a slight inactivation, which was blocked by TEA (to about 55% of control). and oligodendrocytes [15] . The reversal potential of the outward K þ current in HB1.F3 cells estimated from the I-V plot was near À60 mV. This value of reversal potential is more positive than expected for an outward K þ current and likely reflects a small contribution from the inward rectifier K þ current that could be not completely resolved by the voltage protocol used in these experiments. A similar magnitude for reversal potential of À60 mV was measured for glial precursor cells [16] . In adult rat oligodendrocyte progenitors a reversal potential of À65 mV has been documented [15] . Overall, the properties of outward K þ current in human NSCs were similar to those of neurons, glial precursors, or glial cells. In addition, glial precursor cells did not express Na þ currents, results consistent with the present study with the human NSCs. Multipotent mouse neural stem cell lines produced by retroviral transfection of avian myc oncogene showed a delayed rectifying K þ current but did not express the Na þ current either [17] . Thus, the absence of Na þ currents combined with the presence of voltage-activated K þ currents might be one of the characteristic features of neural stem cells or neural progenitor cells.
Another K þ current present in human NSCs was the inwardly rectifying K þ current. This current likely plays a dominant role in setting the resting membrane potential of cells in the CNS [18] . The inward rectifier K þ channel is characterized by a large open probability at potentials negative to the resting level whereas the channel remains mainly closed at more depolarized potentials [19] . We observed this K þ current in HB1.F3 cells with hyperpolarizing steps negative to 0 mV. The kinetic behavior of the inward K þ current showed a rapid inactivation, a steep dependence of conductance on [K þ ] o , and an I-V relationship similar to that observed for inward rectifying K þ currents in many neural or non-neural cells. A similar current has been reported from cultured human neuronal precursors [20] , and rat O-2A glial cell progenitors [21] , raising the possibility that the presence of inward rectifying K þ currents might be a physiological marker for the pluripotent NSCs or neural progenitor cells.
A previous study reported little or no Na þ or K þ current from rat CNS progenitor cells acutely dissociated from neurospheres in culture [22] , in contrast to the substantial Na þ and K þ currents observed in differentiating cells. In other studies, an outward non-inactivating K þ current has been reported in multipotent mouse neural cell lines whereas a transient outward K þ current was seldom observed [17] . Other electrophysiological studies also have documented various types of ion channels, including a voltage-dependent Na þ current, an inward K þ current, a Cl À current and Ca 2þ current in glial progenitor cells of the CNS [6, 21, 23] . Differences in expressions and properties of membrane currents thus seem to be related to differences in differentiation that could be, in turn, largely modified by the presence of growth factors and/or differentiation-promoting factors in the culture media. In the present study, we showed that introduction of a neurogenic transcription factor gene NeuroD into HB1.F3 cell by transfection was capable of inducing expression of Na þ currents, although the current density of Na þ channels was o 1% of the delayed rectifying K þ channels. The role of basic helix loop helix transcription factor NeuroD during neurogenesis has been well established in Xenopus embryos, and ectopic expression of NeuroD results in conversion of presumptive epithelial cells into neurons in Xenopus [24] . In a recent study, over-expression of NeuroD induced neurite outgrowth in a neuroblastoma cell [10] . Therefore, HB1.F3.NeuroD human NSCs carrying NeuroD gene invariably and specifically differentiate into neurons, which is accompanied by expression of Na þ currents. However, the current density of the Na þ channel was two orders of magnitude lower than that of the delayed rectifying K þ channel.
Potassium currents are involved in modulating the differentiation of oligodendrocytes [23, 25] and astrocytes [6] . Cell maturation is accompanied by stereotypic changes in patterns of ion channel expression, and thus channel modulation can influence the differentiation. For example, a K þ channel blocker TEA inhibited the proliferation of oligodendrocyte progenitor cells [26] . It is also possible that a different developmental/differentiation stage of cells reflect different sets of ion channel expressions. Although we did not systematically determine the effects of the time of plating or cell morphology on expressions of currents, in cultured oligodendrocytes, outward K þ currents developed within 1-2 days after plating, while inward K þ currents did not appear until several days later. The condition of culture may alter the expression of membrane currents in cells [27] . For example, the ion channel phenotype or density of currents was altered by serum in the medium [6] . Thus, a detailed comparison of the expressions of currents in human NSCs with other cells requires in depth elaboration of factors such as the length of in vitro growth and the composition of culture medium.
CONCLUSION
The present study indicates that the delayed rectifier K þ current and the inward rectifier K þ current are the membrane currents expressed in HB1.F3 human NSCs cultured in serum-free medium. Two types of K þ current could be used as physiological markers for neural stem cells. Introduction of neurogenic transcription factor NeuroD into HB1.F3 NSCs produced expression of Na þ currents, indicating that neuronal cell fate of NSCs could be manipulated by introduction of transcription factor(s).
